A coupled numerical model based on computational fluid dynamics (CFD), termed a CFD-based nucleation-growth-removal model, has been proposed to investigate the nucleation, growth and removal of inclusions in a bottom-blown gas-stirred ladle during molten steel deoxidation.
Introduction
Inclusion behavior in molten steel, i.e., formation, growth and removal, has received much attention for decades due its vital effect on morphology, size and distribution of inclusions and further steel properties. Refining processes during the liquid steel stage of steelmaking involve a very complex multiphase system, in which many physical and chemical phenomena, such as fluid flow, heat and mass transfer, and high temperature chemical interactions simultaneously occur and contribute to the evolution of inclusions. This suggests an urgent necessity of development of a computational means which successfully combines thermodynamics and kinetics with hydrodynamics in order to ascertain the nature of inclusion in molten steel.
A review of the mathematical modeling history in inclusion engineering shows that considerable work has been done in various areas:
• Numerical models for fluid flow, heat and mass transfer, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] which are subject to the conservation of momentum, heat and mass in a system. In these models, the k-e two-equation turbulence model 1) is most commonly employed in order to solve the problem of time-averaged Reynolds stress in a turbulent flow. As to bubble-driven flows, various quasi single-phase models [2] [3] [4] [5] [6] [7] or two-phase models [8] [9] [10] [11] [12] [13] [14] [15] [16] are usually expected to be promising means.
• Analytical models for inclusion growth and removal, which provide a solid theoretical base for understanding of various growth and removal mechanisms. An important contribution can be traced to Lindborg and Torssell, 17) early in 1968, who took into account Stokes and gradient collisions between particles and particle removal at the top surface of the bath in their model. Other important investigations include Iyengar and Philbrook, 18) Linder, 19) and Engh and Lingskog, 20) which discussed various collision growth approaches, such as turbulent, Stokes and gradient collisions.
• CFD-based coupled models for inclusion growth and removal: The development of turbulent models and computer technologies provides further possibilities to describe turbulent flow patterns more accurately in metallurgical containers by numerically solving conservation equations, and then to couple the kinetics equations of particle growth and the transport equations of inclusions in melt with CFD models. Important studies in this area include the work of Nakanishi and Szekely 21) (ASEA-
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You-Jong KWON, 1) Jian ZHANG 2) and Hae-Geon LEE 1) SKF furnaces), that of Shirabe and Szekely, 22) Miki et al. 23) (RH degassers), the predictions from Tozawa et al., 24) Miki et al., 25) and Sinha et al. 26) (tundish metallurgical processes), and more recent work by Sheng et al. 27) and Söder et al. 28) (ladle refining). To activate the models, one need to input an initial size distribution of inclusions, which comes from either experimental measurements or assumptions, to provide a starting point for numerical calculations. Therefore, the results predicted by a model for inclusion growth and removal are dependent to some extent on the validity of the initial particle size distribution (PSD) selected.
• Theoretical models for the nucleation and growth of inclusions: Christian 29) gave a comprehensive review and summarization of the classical nucleation theories. Turpin and Elliott, 30) Turkdogan, 31, 32) and Mukai et al. 33) applied the classical nucleation theories to steelmaking processes and analyzed inclusion formation and growth during molten steel deoxidation under a hypothesis of homogeneous nucleation. These theoretical models laid the foundation for the subsequent investigations.
• Static numerical models for nucleation, growth and removal of inclusion: Attempts to develop general nucleation-growth models for molten steel deoxidation were marked by the work of Zhang and Pluschkell, 34) Doo et al., 35) and others. Although the model from the latter should virtually be a growth model rather than a real nucleation-growth model, Zhang and Pluschkell 34) borrowed ideas from Kampmann and Kahlweit, 36) and put forward a static numerical model, which is based on mean processing parameters, to predict particle nucleation time evolution, Ostwald ripening, and growth processes dominated by Brownian collisions and turbulent collisions. On the basis of mean parameters, the present authors proposed a general nucleation-growth model 37) in order to investigate inclusion behaviors during molten steel deoxidation. The model covers a deoxidation process from inclusion nucleation to growth, and considers the homogeneous nucleation theory and various collision-coagulation mechanisms, utilizing an approximate numerical method, the DS method. 37) However, in a practical refining process, variables describing molten steel properties such as flow parameters, temperature, chemical concentration, and even density and viscosity, are functions of time and space. On the other hand, the size distribution of inclusions, i.e., deoxidation reaction products, varies with time as well as spatial location due to the transport phenomena of inclusions in molten steel. Obviously, it is necessary for fluid dynamics to be coupled with the nucleation-growth model to account for any real deoxidation process. Therefore, the present work is addressed to extend the static nucleation-growth model to a more practical level, a dynamic nucleationgrowth-removal model, in a CFD framework. The model considers inclusion nucleation and growth mechanisms as well as removal approaches, and is based on ever-changing, prevailing thermodynamic and hydrodynamic conditions rather than a mean parameter system of molten steel. Certainly, the PSD of inclusions originates directly from deoxidation reactions; no initial PSD is necessary to activate the model.
In this paper, the ideas of model structure are recounted firstly, followed by the establishment of CFD model and the description of homogeneous nucleation, growth and removal mechanisms, and a discussion is given on some aspects of the theoretical model. Results of the application of the dynamic model are presented and detailed discussion is then followed.
Main Ideas and Model Structure
The basic ideas of the present model are schematically structured in Fig. 1 . The entire model consists of two main blocks; i.e., a CFD model block and an inclusion nucleation-growth-removal model block. The CFD model is established on the platform of the general-purpose FLOW-3D ® code, which can be employed to predict flow patterns, temperature fields and turbulence parameters according to the conservation of mass, energy and momentum and with the k-e two-equation turbulence model. The inclusion nucleation-growth-removal model is structured to start from the initial deoxidation reaction and then proceed to homogeneous nucleation, diffusion growth and Ostwald ripening, and simultaneously evaluates various collision-coagulation growth as well as removal.
In each computing iteration, melt temperatures, oxygen concentration, deoxidizer concentrations and turbulence parameters, produced by the CFD model, are fed into the inclusion model. PSDs of inclusion, as an output of the latter, are fed back again to the CFD model, where an inclusion transport model further calculates space-dependent PSDs. As the final result is computed, a time-and space-dependent inclusion size distribution is expected.
In the model development, the deoxidation reaction in the Fe-M-O melt bath is assumed to follow the stoichiometric reaction as given in Eq. (1):
The model is developed based on the number of predetermined conditions and assumptions which are inevitably necessary to produce numerical results. These conditions and assumptions are given in Table 1 .
Modeling for Inclusion Nucleation, Growth and Removal
The time evolution of the deoxidation process based on the reaction of Eq. (1), after the addition of a deoxidant into the bulk of molten steel, is believed to consist of several stages: 1) deoxidation reaction and formation of nuclei with critical sizes from reaction products 37) ; 2) Ostwald ripening or coarsening process of nuclei; 3) collision and coagulation growth, i.e., Brownian collision, turbulent collision, Stokes collision, and gradient collision; 4) removal of inclusions by Stokes flotation, wall attachment and bubbleinclusion attachment. The above steps may proceed simultaneously.
Homogeneous Nucleation and Ostwald Ripening
The present authors have previously proposed a so-called quasi molecule model to describe homogeneous nucleation, diffusion growth and Ostwald ripening during deoxidation.
37) The same model is employed in the present approach. Mathematically, the dynamics of inclusion size distribution during nucleation, diffusion growth and coarsening is represented by Eq. (2), which accommodates the reversed dissociation of inclusions by following Kampmann and Kahlweit. 36) ......... (2) where, the first term on the right side represents the generation rate of k-mers by addition of a monomer to a (kϪ1)-mer, the second term the depletion rate of k-mers resulting from the formation of (kϩ1)-mers by assembling of a k-mer and a monomer, the third the formation of k-mers when a (kϩ1)-mer loses a monomer by dissociation, the last term the dissipation of k-mers caused by losing a monomer from a k-mer, and n k (n · m Ϫ3 ) the number density of k-size particles or embryos (k-mers), n s (n · m
Ϫ3
) the number density of total monomers including those in embryos and particles, b 1k (m 3 · s
Ϫ1
) the rate constant of the reaction (1)
) the dissociation rate of a k-size particle, and A k (m 2 ) the surface area of a k-size particle. The Dirac delta function d (kϭ2) has a value of 1 when kϭ2, otherwise it is equal to zero.
Collision-coagulation Growth
A mathematical description of the evolution of PSDs due to collisions between particles should be based on the population balance equation given below, which was proposed by Smoluchowski 38) ; .... (3) in terms of the so-called collision frequency
) (also termed collision volume or the degree of collision), particle number density n (m Ϫ3 ) (particle number per unit volume), and time t. The subscripts i, j and k imply embryos or inclusions assembled by i, j and k number of monomers, i.e., i-mer, jmer and k-mer, respectively. And the superscript C means 'collision'. When it is replaced by 'B', 'T', 'S' and 'G' sequentially, the relevant parameters are related to Brownian collision, 39) turbulent collision, 40) Stokes collision, 17) and
, , for gradient collision, 17, 41) respectively. The first term on the right hand side of Eq. (3) stands for the generation of particle k due to the collision of two smaller particles i and j, and the second term the dissipation of particle k due to collision growth. The contributions to time-dependent PSD from different collision mechanisms can be represented by the corresponding collision frequency function b ij C in following sections.
Inclusion Removal
The main routes which remove inclusions from the molten steel in ladle systems include the Stokes flotation of inclusions upward to the top slag, adherence to walls and bubble-inclusion attachment.
Stokes Flotation
Based on assumption (17), the inclusion removal flux through the free surface due to flotation S p F is dependent on inclusion concentration n i (m 
Adherence to Walls
Linder, 19) Sinha et al., 26) and Sheng et al. 27) proposed models to account for the removal of inclusions to refractory walls by help of the boundary layer theory. According to Sheng et al., 27) as inclusion approaches to the wall, the probability of wall-inclusion attachment increases, and becomes one when the inclusion is within a critical distance to the wall. (7) where h WA is theremoval efficiency of inclusions, d (m) the boundary layer thickness, y ϩ the dimensionless distance from the wall in the law of the wall, with reference to the distance from the wall y (m), shear stress t 0 (kg · m Ϫ1 · s 
.(8)
When h WA equals to 1, all the inclusions in the region will be removed by wall-inclusion attachment.
Bubble Attachment
In the authors' previous work, 42 ) the force field model was proposed to simulate bubble-inclusion attachment. This model was developed through the combination of Frisvold model 43) and force field concept. 42) .... (9) .................. (10) where N is number of bubble-inclusion collision, t time, P C probability of collision, r b radius of bubble, r p radius of particle, i.e., inclusion, v b is velocity of bubble and Re Reynolds number of bubble.
Simulation of Deoxidation in a Ladle
The deoxidation process of the molten steel using aluminum in a ladle stirred by argon gas from the bottom was simulated to describe: (1) transient fluid flow which is characterized by the evolution of flow patterns, stream lines, turbulent parameters, etc., (2) thermal homogenization with the variation of temperature fields in the steel melt, (3) mass homogenization process accompanied by Al-O reaction in the steel melt, providing time-dependent distributions of aluminum and oxygen concentrations, (4) space-and time-dependent particle size distributions (PSDs) as well as relevant bulk-averaged data, (5) comparison of predicted distribution trend of PSD with industrial measurements, (6) effect of gas bubbling on the inclusion removal.
Conditions of Al Deoxidation Process
The CFD-based Nucleation-Growth and Removal model was applied to the case in that 250 tons of molten steel with 300 ppm oxygen in a ladle, which measures 3.58 m in diameter and 3.57 m in depth. Initially, the molten steel is motionless and has a uniform oxygen distribution, but there is a thermal stratification, i.e., a linear temperature gradient of 40°C the vertical direction with a maximum temperature of 1 580°C at the top surface and a minimum value of 1 540°C at the ladle bottom. During the refining process, heat loss is assumed to occur through the sidewall and ladle bottom while the top surface is thermally insulated. Argon gas is introduced into the ladle through a center-located bottom orifice. Aluminum is added into the steel melt through the center area at the top surface 3 min after the start of bubbling, at which a stable recirculation is expected to form in the liquid pool. Figure 2 illustrates the gas-stirred steel ladle. Detailed processing variables and the relevant parameters employed in the simulation are listed in Table 2 .
The solution of the governing equations is conducted on a non-uniform orthogonal grid system of 25ϫ40 cells, in which small and dense cells are set in boundary areas, free . , .
/ , .
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surface region and the plume region as shown in the right part of Fig. 2 . A typical calculation needs roughly 100 h of CPU time on a 3.0 GHz PC to simulate 13 min.
Results of Simulations 4.2.1. Predicted Fluid Flow in the Ladle
A typical simulated flow patterns is presented in Fig. 3 . The left part of Fig. 3 shows the local flow direction and velocities of the ladle 3 min after the start of argon gas bubbling. The right side of Fig. 3 gives several streamlines of the melt, which clearly draw a map of steel recirculation. A maximum velocity of 1.55 m · s Ϫ1 of the melt is reached in the two-phase (melt and gas bubble) area. The steel stream changes the direction and flows radially outwards in the vicinity of the free surface. It is then directed towards the sidewall and descends further along the wall. Thus a fullscale circulation is established in the domain with a vortex eye located in the upper region near the ladle wall. Apparently, the velocities in the center two-phase area and free surface area are much higher than others.
Mixing and Al-O Chemical Reaction
A block of aluminum equivalent to 492 ppm bulk-averaged concentration is plunged into a steel bulk having a uniform oxygen concentration of 300 ppm 3 min after the bubbling starts. The change of concentration distribution of aluminum and free oxygen is illustrated in Figs. 4(a)-4(c) , corresponding to 30 s, 60 s and 120 s after the aluminum addition. The left-hand side of each figure shows Al concentration contours while that of O in the right side. The © 2008 ISIJ Table 2 . Basic system parameters, and initial and boundary conditions. concentration distribution indicates that when Al is added into the steel melt, it is dissolved and pushed aside to the ladle sidewall, joining the recirculation flow of molten steel and simultaneously reacting with O. Consequently, in the early stage of deoxidation, a high concentration of Al and low concentration of O may appear in the upper part near the sidewall in the ladle bulk, as shown in Fig. 4(a) . However, as the time goes, the vicinity of the gas orifice shows to have low O and high Al. The history of the bulk-averaged concentration of Al and O is presented in Fig. 5 , where the lower x-axis represents the bubbling time, and the upper x-axis the time after the Al addition, while the left y-axis stands for the element concentration, and the right y-axis for D Al the deviation of Al concentration from completely mixed state. The mixing rate is increased significantly during 60-75 s after Al addition, which means it takes about 60 s for Al element reach to gas plume zone and about 15 s to scatter into entire ladle. If a characterizing mixing efficiency, i.e., mixing time t m according to the so-called '5 % criteria', 14) is defined as the time after which the deviation of Al concentration everywhere in the ladle from the bulk-averaged concentration is less than 5 %, a mixing time of about 130 s is found when the gas injection rate Qϭ0.48 m 3 · min
Ϫ1
. At tϭ10.0 min, 157 ppm aluminum comes into approximate equilibrium with 2.5 ppm free oxygen at 1 556°C in terms of the bulkaveraged variables. In fact, the mixing process of Al and O is the consequence of a combined action involving mass convection, diffusion and consumption due to chemical reaction. Numerical computation reveals that a rapid and effective mass homogenization can be expected if the deoxidation process proceeds under the condition of a fully developed flow pattern.
Time-and Space-dependent PSDs of Inclusions
Particles ranging from a few nanometers to fifty micrometers in diameter are traced in the simulation. Some typical results are described in Fig. 6 , which present the distribution contours of number density in the unit of n · cm Ϫ3 for 1 mm in diameter at 1 min, 3 min, 5 min, and 10 min after aluminum addition.
It is noted that, as shown in Fig. 6 , the area of high number density for 1 mm particle is located near the ladle bottom. In addition, the vicinity of the gas nozzle in the plume zone is found to exhibit a sharp population density gradient. Regarding the distribution of turbulent energy and its dissipation rate in the corresponding region, as seen in 7, the high turbulent energy generation and dissipation in the area, several hundred times the average level, intensifies the mixing and increases the possibility of inclusion collisions. Simultaneously, bubble-inclusion attachment increases the possibility of inclusion removal. Figure 8 presents simulated results of bulk-averaged PSDs at various time intervals after Al addition. To reveal the effect of bubble-inclusion attachment, simulation results which ignore the removal by the bubble attachment are also included in Fig. 8 and Figs. 9-11 .
Up until 30 s after the Al addition, inclusions are mostly smaller than 4 mm in diameter, as shown in Fig. 8(a) . During 30 to 120 s, the population of 4-10 mm inclusion increases significantly. During 120 to 600 s, the population of 10-50 mm increases. When the bubble-inclusion attachment is neglected, the growth of inclusion becomes faster. Within 30 s after the Al addition, the inclusions are smaller than 5 mm in diameter, as shown in Fig. 8(b) . During 30 to 120 s, the population of 5-30 mm inclusion increases significantly. At 180 s, the population of 50 mm becomes popular already. Figure 9 presents the simulated results of bulk-averaged PSDs at various inclusion sizes, as shown in Fig. 9(a) . Within 1 s after Al addition, the inclusion of 0.1 mm in diameter is already popular. 1 mm inclusions are appeared at 1.2 s, 10 mm inclusions are appeared at 90 s, and 50 mm inclusions are appeared at 460 s. When the bubble-inclusion attachment is neglected, the growth of inclusion becomes faster, as shown in Fig. 9(b) . 10 mm inclusions are appeared at 57 s, and 50 mm inclusions are appeared at 150 s. Figure 10 presents total amount of inclusions in the ladle. The dot line describes the theoretical maximum value of amount of inclusions, i.e. 13.2 kg of Al 2 O 3 , and total amount of inclusions have a peak within 40 s after Al addition. After 40 s, the total amount decreases by the inclusion removal process, especially bubble-inclusion attachment. It is observed by the analysis of numerical simulations that the 99% of the total inclusion removal is by the bubble-inclusion attachment, and wall attachment and Stokes's flotation has less than 1%. For that reason, when the bubble-inclusion attachment is ignored, the total amount of inclusion is difficult to be decreased as shown at solid line in Fig. 10 .
Based on the time-and space-dependent PSDs predicted by the present model, Fig. 11 describes total inclusion number density n t (n · cm Ϫ3 ), and mean diameter d m (mm) which is calculated from mean volume of inclusion defined as total inclusion volume divided by the population of inclusions. The mean particle diameter is increasing as the total number density is decreasing with time, which means the inclusion growth. When the bubble-inclusion attachment is ignored, the growth becomes faster as shown in Fig. 11(b) .
Discussion
On the Numerical Calculation Techniques
Theoretical and practical experiences indicate that particle size spectrum during the nucleation and the growth of inclusions expands very rapidly, from angstrom to micrometer in size. Consequentially, the dimension of the set of differential equations is large, and a numerical calculation is practically not possible if one's interest extends to particles beyond a few nanometers. In order to overcome this difficulty, several approximate numerical methods have been developed, including the so-called Discrete-Sectional method [48] [49] [50] and the Particle-Sizing-Grouping (PSG) method. 51) A modified approach, i.e., the DS method, was developed previously by the present authors. 37) In addition, the modeling practice indicates that the numerical time interval must be as small as the order of 10
Ϫ10
-10
Ϫ6 s, in order to ascertain a convergent solution of nucleation. This gives an added load of computational time. In the present dynamic model, this difficulty was overcome by preparing a table which covers the evolution of PSDs under various thermodynamic and kinetic conditions. In the course of the model operation, the table is looked up whenever necessary. With this approximate technique, a numerical solution to the CFD-based inclusion model has become possible.
Comparison of Predicted PSDs with Experimental
Observation Miki and Thomas 25) reported their measurements of PSD with a sample taken at the melt 0.5 m lower from the top surface of a 160 t steel ladle. Even though the size and the operation condition of ladle are not same, it can be expected that the trend of PSD in the ladle will be similar. The trend of PSD with bubble attachment predicted by the present model is compared with their data in Fig. 12 . A strikingly good agreement is seen in the figure except a small deviation for small inclusions. The difference may be attributed to the fact that the effect of reoxidation of molten steel is ignored in the modeling prediction and inconsistency in operation conditions may have existed.
On the Collision Growth of Inclusions
Nucleation and growth of inclusions in Al-deoxidized molten steel are represented in Fig. 13 in which importance of various inclusion growth mechanisms at different times are visible. Ostwald ripening is the prevailing mechanism for growth at the initial stage immediately after nucleation. Brownian collision then predominates followed by turbulent coagulation in the case of efficient agitation. At later stages, inclusion growth is primarily attributed to the joint effort of both turbulent collisions and Stokes collisions. However, the gradient collisions which take place in laminar shear regions near walls is unusual that it can be ignored during the entire deoxidation process, so it will not be evaluated during the CFD-based dynamic modeling. 
On the Bubble-Inclusion Attachment
In Fig. 14 , the effect of the bubble-inclusion attachment is made more visible. In both cases (with and without attachment) the number density decrease after passing the peak, but much faster decrease in the case of the attachment. This effect becomes more pronounced as the time increases (Figs. 13(c) and 13(d) ). The difference between the two curves in these figures indicates the decrease in the number density due to the bubble attachment.
Conclusions
On the platform of computational fluid dynamics, a general model, termed a CFD-based nucleation-growth-removal model, has been mathematically established to account for the nucleation, growth and removal of inclusions under the condition of gas agitation. A Eulerian-Lagrangian CFD model accompanied by the k-e two-equation turbulence model is used to predict the turbulent recirculation induced by bottom-blown gas injection, temperature evolution, time-dependent element concentration distribution, and particle transport. As to the formation and growth of inclusions in the steel melt, the model includes the contribution of homogeneous nucleation, diffusion growth and Ostwald ripening. Various collision-coagulation growth mechanisms, Brownian collision, turbulent collision and Stokes collision were also considered. In addition, the model estimated inclusion removal by the function of Stokes flotation, wall adherence and bubble-inclusion attachment. The DS numerical method 34) developed by the present authors and data-look-up scheme were adopted to save the computational time. As a function of the comprehensive model, prediction of time-and space-dependent PSDs can be conducted directly from an initial concentration of Al and O rather than an initial size of inclusions.
The model is applied to the aluminum deoxidation process in a steel ladle with argon bubbling. The model simulated the transient flow of molten steel, predicting the time-dependent contours of some scalar parameter, i.e., turbulent energy k, dissipation rate of turbulent energy e and melt temperature. A mixing time of 130 s according to '5 % criteria' together with time-dependent concentration distribution has been predicted for the Al/O mixing process involving mass diffusion, convection and the chemical reaction. Numerical investigation indicates that stable recirculation of steel melt, thermal and mass homogenization can be efficiently gained through gas bubbling.
As to the evolution of inclusion behaviors induced by nucleation, diffusion, Ostwald repining, collision growth and various removal approaches, time-and space-dependent inclusion size distributions have been released. The present model shows a good consistency of particle size distributions with the reported data collected under industrial conditions. The effect of bubble on the growth and removal of inclusion is also discussed. 
